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Ryan,  Kathy  L.,  Maria  R.  Tehrany,  and  Janies  R. 
Jauchem.  Nitric  oxide  does  not  contribute  to  the  hypoten¬ 
sion  of  heatstroke.  J  Appl  Physiol  90:  961-970,  2001. — The 
purpose  of  this  study  was  to  determine  whether  nitric  oxide 
(NO)  contributes  to  the  hypotensive  state  induced  by  pro¬ 
longed  environmental  heat  (EH)  stress.  Ketamine-anesthe¬ 
tized  rats  were  instrumented  for  the  measurement  of  arterial 
blood  pressure,  electrocardiogram,  and  temperature  at  four 
sites.  Rats  were  exposed  to  EH  (ambient  temperature,  40  ± 
1°C)  until  mean  arterial  blood  pressure  (MAP)  decreased  to 
75  mmHg,  which  was  arbitrarily  defined  as  the  induction  of 
heatstroke.  In  addition  to  cardiovascular  and  temperature 
measurements,  the  time  required  to  reach  this  MAP  end 
point  and  the  subsequent  survival  time  were  measured.  In 
three  separate  experimental  series,  the  competitive  NO  syn¬ 
thesis  inhibitor  N'"-nitro-l. -arginine  methyl  ester  (l-NAME) 
was  administered  (0,  10,  or  100  mg/kg)  either  before,  during 
(30  min  after  initiation  of  EH),  or  immediately  after  EH. 
l-NAME  administered  at  any  of  these  times  transiently  in¬ 
creased  MAP.  l-NAME  infusion  either  before  or  during  EH 
did  not  alter  the  EH  time  required  to  decrease  MAP  to  75 
mmHg,  but  l-NAME  pretreatment  did  decrease  the  colonic 
temperature  at  which  this  MAP  end  point  was  reached. 
l-NAME  infusion  before  or  after  EH  did  not  affect  subse¬ 
quent  survival  time,  but  l-NAME  administered  during  EH 
significantly  decreased  survival  time.  The  administration  of 
l-NAME  at  any  time  point,  therefore,  did  not  prove  beneficial 
in  either  preventing  or  reversing  heatstroke.  Taken  together, 
these  data  suggest  that  NO  does  not  mediate  the  hypotension 
associated  with  heatstroke. 

environmental  heating;  hyperthermia;  heat  stress;  blood 
pressure 


heatstroke  is  a  medical  emergency  characterized  by 
profound  hypotension,  delirium,  and  convulsions  that 
even  now  is  associated  with  rates  of  mortality  of  12— 
21%  (11,  51).  At  this  time,  the  physiological  mecha- 
nism(s)  producing  the  hypotension  associated  with 
heatstroke  is  still  unknown.  Adolph  and  Fulton  (1)  first 
suggested  that,  at  high  temperatures,  peripheral  vas¬ 
cular  resistance  decreases,  resulting  in  circulatory  fail¬ 
ure.  Subsequently,  it  was  determined  that  hypotension 
precedes  any  fall  in  cardiac  output,  suggesting  that 
peripheral  vascular  pooling  of  blood  is  the  primary 
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event  (10,  23,  50).  Kregel  et  al.  (26)  provided  direct 
evidence  for  such  a  sequence  of  events,  showing  that  a 
loss  of  compensatory  vasoconstrictor  tone  to  the  mes¬ 
enteric  arterial  bed  and,  hence,  a  dramatic  mesenteric 
vasodilation  precede  any  fall  in  arterial  blood  pressure 
in  severely  hyperthermic  rats.  The  question  then  be¬ 
comes,  what  mediates  the  loss  of  peripheral  vascular 
resistance  in  the  terminal  stage  of  heatstroke?  Al¬ 
though  this  is  unclear  at  the  present  time,  it  is  clear 
that  the  mesenteric  vasodilation  that  precedes  heat¬ 
stroke  is  not  due  to  decreases  in  sympathetic  nerve 
activity  or  circulating  catecholamines  (15)  or  to  a  direct 
effect  on  the  vascular  contractile  machinery  (24). 

It  is  now  well  established  that  pathological  increases 
in  the  potent  vasodilator  nitric  oxide  (NO)  occur  and 
may  contribute  to  the  hypotensive  states  associated 
with  circulatory  shock  models  of  different  etiologies, 
including  endotoxemia,  septicemia,  and  hemorrhage 
(31,  45,  49).  It  is,  therefore,  plausible  that  release  of 
NO  could  contribute  to  the  hypotension  accompanying 
heatstroke.  Plasma  nitrite/nitrate  levels  are  elevated 
in  heatstroke  patients,  suggesting  that  NO  production 
has  increased  (2).  Interestingly,  Hall  et  al.  (19)  demon¬ 
strated  that  NO  levels  are  not  altered  in  arterial  blood 
from  hyperthermic  rats  but  are  elevated  in  blood  col¬ 
lected  from  the  portal  vein,  suggesting  that  enhanced 
release  of  NO  within  the  splanchnic  circulation  might 
contribute  to  the  mesenteric  vasodilation  preceding 
hypotension.  If  this  were  the  case,  blockade  of  NO 
synthesis  might  be  expected  to  attenuate  the  subse¬ 
quent  hypotensive  response.  Such  a  suggestion  has  not 
yet  been  verified  with  the  use  of  pharmacological  in¬ 
hibitors  of  NO  synthesis  after  environmental  heating 
(EH). 

It  should  be  noted,  however,  that  pharmacological 
inhibition  of  NO  did  not  reveal  any  contribution  of  NO 
to  the  hypotensive  response  in  another  hyperthermia- 
based  model  of  circulatory  shock  induction  that  is  ac¬ 
companied  by  mesenteric  vasodilation,  namely  35-GHz 
microwave  heating  (36,  37).  In  this  model,  the  shallow 
depth  of  penetration  at  this  frequency  (35  GHz)  results 
in  the  deposition  of  energy  primarily  in  the  cutaneous 
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region  (14).  Sustained  exposure  to  35-GHz  radio-fre¬ 
quency  radiation  thus  produces  a  pattern  of  heating 
that  is  characterized  by  relatively  high  surface  temper¬ 
ature  with  only  moderate  heating  of  the  body  core  (14). 
Despite  the  only  moderate  increase  in  core  tempera¬ 
ture,  the  cardiovascular  responses  to  microwave  expo¬ 
sure  are  quite  similar  to  those  accompanying  larger 
increases  in  core  temperature  produced  by  EH  (26).  In 
both  instances,  a  transient  pressor  response  occurs 
during  the  initial  phase  of  heating  and  is  followed  by 
severe  hypotension  as  hyperthermia  progresses  fur¬ 
ther.  Furthermore,  this  hypotension  is  accompanied  by 
a  loss  of  thermoregulatory  compensatory  vasoconstric¬ 
tor  tone  to  the  mesenteric  vascular  bed  and  thus  mes¬ 
enteric  vasodilation  in  both  models  of  heatstroke  in¬ 
duction  (14,  26).  Importantly,  however,  the  onset  of  the 
hypotensive  and  mesenteric  vasodilatory  events  in  an¬ 
imals  heated  by  35-GHz  microwave  exposure  occurs  at 
a  core  temperature  <40°C  (14),  whereas  these  events 
only  occur  in  animals  exposed  to  EH  when  core  tem¬ 
perature  rises  >41.5°C  (26).  Additionally,  the  time 
course  of  microwave  exposure  (at  the  power  level  used) 
required  for  the  onset  of  hypotension  is  shorter  than 
that  for  hypotension  induced  by  EH. 

Because  these  previous  results  using  35-GHz  micro- 
wave  exposure  were  surprising  in  light  of  the  available 
literature  regarding  NO  and  environmental  heat 
stress,  we  questioned  whether  this  was  a  result  of  the 
specific  heat  stress  we  had  imposed  (i.e.,  preferential 
superficial  heating  using  radio-frequency  radiation)  or 
whether  the  lack  of  contribution  of  NO  to  the  hypoten¬ 
sive  response  induced  by  heat  stress  was  independent 
of  the  heating  regimen  employed  and  would  also  be 
observed  in  a  traditional  animal  model  of  heatstroke. 
The  objective  of  this  study  was,  therefore,  to  determine 
whether  NO  mediates  hypotension  induced  by  sus¬ 
tained  EH  in  rodents.  We  investigated  this  question 
using  the  competitive  NO  synthesis  inhibitor  N"-nitro- 
L-arginine  methyl  ester  (l-NAME). 

MATERIALS  AND  METHODS 

All  experiments  and  animal  care  were  approved  by  the 
Institutional  Animal  Care  and  Use  Committee  of  the  Air 
Force  Research  Laboratory  and  were  conducted  according  to 
the  National  Institutes  of  Health  “Guide  for  the  Care  and 
Use  of  Laboratory  Animals.”  The  animals  used  in  this  study 
were  procured,  maintained,  and  used  in  accordance  with  the 
Animal  Welfare  Act  and  the  “Guide  for  the  Care  and  Use  of 
Laboratory  Animals”  prepared  by  the  Committee  on  Care 
and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory 
Animal  Resources,  National  Research  Council. 

Seventy-two  male  Sprague-Dawley  rats  (Charles  Rivers 
Laboratories),  —4  mo  old  and  weighing  between  350  and 
400  g  (364  ±  1  g),  were  used  in  this  study.  Before  experimen¬ 
tation,  animals  were  housed  in  polycarbonate  cages  with  free 
access  to  Purina  rodent  chow  and  water.  The  rats  were 
maintained  on  a  12:12-h  light-dark  cycle  (lights  on  at  0600) 
in  a  climate-controlled  room  [ambient  temperature  (Ta)  = 
24.0  ±  0.5°C]. 

Rats  were  anesthetized  with  ketamine-HCl  (Vetalar;  150 
mg/kg  im),  with  supplemental  doses  provided  during  exper¬ 
imentation.  Ketamine  administration  at  this  dose  level  has 


been  shown  to  produce  prolonged  surgical  anesthesia  in 
Sprague-Dawley  rats  (21)  and  has  been  used  previously  in 
our  laboratory  in  studies  assessing  the  possible  contribution 
of  NO  to  cardiovascular  responses  induced  by  thermal  stress 
(36-38).  Additionally,  this  anesthetic  has  minimal  effects  on 
temperature  regulation  in  rats  (34).  In  a  previous  report,  our 
laboratory  has  more  fully  discussed  the  use  of  ketamine  as  an 
anesthetic  (21).  A  Teflon  catheter  was  placed  into  a  carotid 
artery  for  measurement  of  arterial  blood  pressure  by  using  a 
Century  (model  CP-01)  blood  pressure  transducer  connected 
to  a  pressure  processor  (model  13-4615-52,  Gould).  A  second 
Teflon  catheter  was  inserted  into  an  external  jugular  vein  for 
drug  infusion.  A  lead  II  electrocardiogram  was  obtained  by 
use  of  nylon-covered  fluorocarbon  leads  attached  by  a  cable 
to  a  Gould  electrocardiograph/Biotach  amplifier  (model  20- 
4615-65,  Gould).  All  measured  variables  were  recorded  con¬ 
tinuously  throughout  experimentation  on  a  Gould  TA2000 
recorder. 

The  animals  were  also  instrumented  to  monitor  tempera¬ 
ture  at  five  sites:  1)  left  subcutaneous  (lateral,  midthoracic 
side  facing  away  from  heat  source);  2)  right  subcutaneous 
(lateral,  midthoracic  side  facing  heat  source);  3)  left  tym¬ 
panic;  4)  colonic  (5-6  cm  postanus;  Tc);  and  5)  tail  (subcuta¬ 
neous,  dorsal,  1  cm  from  base).  All  temperature  measure¬ 
ments  were  obtained  via  thermistor  probes  (BSD  Medical) 
attached  to  a  precision  thermometry  system  (model  BSD- 
200,  BSD  Medical).  All  temperature  and  cardiovascular  data 
were  analog-to-digital  converted  by  an  IBM-compatible,  cus¬ 
tom-designed  physiological  monitoring  system  with  real-time 
graphics  display  and  data  analysis  capabilities  (14). 

After  instrumentation,  animals  were  placed  in  a  custom- 
designed  EH  chamber  in  which  Ta  could  be  raised  and 
controlled  via  a  thermostat.  The  design  of  the  chamber  was 
such  that  heated  air  entered  the  chamber  through  vents 
located  in  one  wall.  To  ensure  that  each  animal  was  ex¬ 
posed  to  EH  in  an  identical  fashion,  the  animal  was  always 
placed  with  its  right  side  parallel  to  the  vents  through 
which  heated  air  flowed.  Airflow  in  the  chamber  was  kept 
constant  throughout  both  control  and  EH  periods.  While  in 
the  EH  chamber,  the  anesthetized  rat  lay  on  a  holder 
consisting  of  seven  0.5-cm  (outer  diameter)  Plexiglas  rods 
mounted  in  a  semicircular  pattern  on  4  X  6-cm  Plexiglas 
plates  (0.5  cm  thick).  All  instrumentation  leads  and  cath¬ 
eters  exited  the  chamber  via  small  ports.  On  initiation  of 
EH,  —10  min  were  required  to  attain  the  target  Ta  of  40°C; 
thereafter,  Ta  was  controlled  within  ±1°C  of  this  value.  In 
all  experiments,  EH  was  maintained  until  mean  arterial 
blood  pressure  (MAP)  decreased  to  75  mmHg.  Preliminary 
experiments  indicated  that,  if  heating  is  discontinued  at 
this  point,  MAP  will  continue  to  decline  until  death  (un¬ 
published  observations).  Furthermore,  our  laboratory  has 
previously  used  this  end  point  in  other  studies  in  which  the 
contribution  of  NO  to  the  hypotension  induced  by  35-GHz 
microwave  heating  was  investigated  (36-38).  We  therefore 
discontinued  EH  at  this  MAP  end  point  and  arbitrarily 
defined  this  as  the  point  of  heatstroke  induction.  After  EH 
was  discontinued,  experimental  parameters  were  continu¬ 
ously  monitored  until  death  ensued. 

Three  separate  experimental  series  were  performed.  In 
each  of  these  experimental  series,  the  NO  synthesis  inhib¬ 
itor  l-NAME  (10  or  100  mg/kg  iv)  or  an  identical  volume  of 
vehicle  (saline)  was  administered  to  separate  groups  of 
instrumented  rats  (n  =  8/group)  either  before,  during,  or 
after  EH.  In  the  pretreatment  series,  animals  were  moni¬ 
tored  at  room  temperature  (25.5  ±  0.3°C)  for  30  min, 
administered  a  bolus  of  either  saline  or  l-NAME,  and  then 
monitored  for  another  10  min  before  initiation  of  EH.  In 
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the  second  series,  EH  was  initiated  after  a  30-min  control 
period,  and  l-NAME  or  vehicle  was  administered  30  min 
after  the  initiation  of  EH.  In  the  final  series,  EH  was 
initiated  after  a  30-min  control  period  and  was  maintained 
until  the  MAP  end  point  of  75  mmHg,  and  either  l-NAME 
or  vehicle  was  immediately  infused  thereafter.  Each  of  the 
three  experimental  series  thus  included  three  experimen¬ 
tal  groups  (0,  10,  or  100  mg/kg  l-NAME;  n  =  8/group)  and 
differed  only  in  the  time  point  at  which  the  drug  was 
administered.  Supplemental  doses  of  ketamine  were  given 
at  30-min  intervals  throughout  each  experiment  to  main¬ 
tain  adequate  anesthesia. 

l-NAME  was  obtained  from  Sigma  Chemical  (St.  Louis, 
MO)  and  solubilized  in  0.9%  NaCl  immediately  before 
administration.  The  volume  of  l-NAME  or  saline  vehicle 
infused  was  0.35-0.40  ml  in  all  experiments.  The  10  mg/kg 
dose  of  l-NAME  was  used  in  our  laboratory’s  previous 
study  (36);  we  also  chose  to  use  a  higher  dose  (100  mg/kg) 
to  increase  the  likelihood  of  more  complete  NO  synthesis 
inhibition. 

Data  analysis.  To  determine  differences  between  thermal 
and  cardiovascular  responses  to  EH  produced  by  l-NAME 


Time  (min) 

Fig.  1.  Thermal  and  cardiovascular  responses  to  environmental 
heating  (EH)  after  pretreatment  with  vehicle  (saline)  or  IV“-nitro-L- 
arginine  methyl  ester  (l-NAME;  10  or  100  mg/kg).  Tc,  colonic  tem¬ 
perature;  MAP,  mean  arterial  pressure;  HR,  heart  rate;  Ta,  ambient 
temperature.  Values  are  means  ±  SE.  Solid  horizontal  lines  in  top 
show  the  range  of  times  at  which  EH  was  discontinued  for  animals 
within  that  group,  with  the  symbol  placed  at  the  group  mean.  Data 
points  are  shown  only  for  times  with  4  or  more  animals  remaining  in 
the  group.  Statistics  were  performed  only  through  the  values  for  47.5 
min  because  of  missing  data  values  thereafter.  *Values  for  both 
l-NAME  groups  significantly  different  from  value  for  saline  group 
(. P  <  0.05). 
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Fig.  2.  Pressor  responses  to  l-NAME  (0,  10,  or  100  mg/kg)  adminis¬ 
tered  either  before  EH,  30  min  after  the  beginning  of  EH  (during),  or 
immediately  after  EH.  Values  are  means  ±  SE.  ^Significantly  dif¬ 
ferent  from  the  pretreatment  value  for  l-NAME  at  the  100  mg/kg 
dose  ( P  <  0.05). 


administration,  a  two-way  ANOVA  with  repeated  mea¬ 
sures  was  applied  within  each  experimental  series,  fol¬ 
lowed  by  the  Student-Newman-Keuls  multiple-comparison 
test  as  necessary  (53).  A  two-way  ANOVA  without  re¬ 
peated  measures  was  used  to  determine  differences  in 
pressor  responses  to  l-NAME  infusion  at  the  differing 
times  of  administration.  A  one-way  ANOVA  was  used  to 
determine  differences  in  the  heating  time  required  to  in¬ 
duce  heatstroke  (i.e.,  decrease  MAP  to  75  mmHg)  and  the 
subsequent  survival  time.  In  all  of  the  statistical  tests, 
results  were  considered  significant  when  P  <  0.05.  All  data 
presented  in  results  are  means  ±  SE. 

RESULTS 

Pretreatment  with  l-NAME  resulted  in  significant 
increases  in  blood  pressure  (Fig.  1);  pressor  responses 
did  not  differ  between  the  two  doses  (Fig.  2).  Temper¬ 
ature  measurements  at  all  sites  immediately  before 
EH  did  not  differ  among  treatment  groups  (Table  1).  In 
vehicle-treated  animals,  the  Tc  at  which  MAP  de¬ 
creased  to  75  mmHg  was  42.2  ±  0.1°C;  l-NAME  treat¬ 
ment  at  either  dose  significantly  decreased  the  Tc  at 
which  the  MAP  end  point  was  attained.  l-NAME  pre¬ 
treatment  also  attenuated  the  increase  in  tail  temper¬ 
ature  at  the  end  of  EH  but  did  not  alter  tympanic  or 
subcutaneous  temperatures.  Although  MAP  increased 
in  L-NAME-pretreated  animals  at  the  start  of  EH  and 
for  the  first  30  min  of  EH,  MAP  responses  at  later 
times  of  EH  were  not  significantly  altered  by  l-NAME 
(Fig.  1).  Heart  rate  (HR)  in  all  groups  increased  during 
EH;  there  were  no  significant  differences  in  HR  during 
EH  among  the  three  treatment  groups.  The  EH  expo¬ 
sure  time  required  to  attain  the  MAP  end  point  was  not 
altered  by  l-NAME  pretreatment  (Fig.  3).  Additionally, 
the  rate  of  change  in  Tc  was  not  significantly  affected 
by  l-NAME  pretreatment.  Subsequent  survival  time 
tended  to  decrease  in  L-NAME-pretreated  animals,  al¬ 
though  these  decreases  did  not  attain  statistical  signif¬ 
icance  (F  =  2.203;  P  =  0.135). 

In  the  second  experimental  series,  there  were  no 
differences  among  groups  in  temperature  measure- 
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Table  1.  Temperature  measurements  before  EH  and  at  the  end  of  EH  in  rats  pretreated  with  l-NAME 
(0,  10,  or  100  mg! kg) 


Tc 

^tym 

T* 

Tsr 

Before  EH 


Saline  vehicle 

36.9  ±0.1 

36.6  ±0.1 

35.4  ±0.3 

34.2  ±0.3 

28.2  ±0.8 

l-NAME  (TO  mg/kg) 

37.0  ±0.1 

36.7  ±  0.1 

34.5  ±0.4 

34.2  ±0.8 

26.8  ±0.7 

l-NAME  ( 100  mg/kg) 

37.2  ±0.1 

36.8  ±0.1 

35.2  ±0.5 

35.4  ±0.4 

28.0  ±0.6 

End  of  EH 

Saline  vehicle 

42.2  ±0.1 

41.8  ±0.1 

41.0  ±0.3 

39.7  ±0.2 

40.1  ±0.1 

l-NAME  (TO  mg/kg) 

41.4  ±0.3* 

41.1  ±  0.3 

39.7  ±0.4 

39.5  ±0.6 

39.8  ±0.1* 

l-NAME  ( 100  mg/kg) 

41.4  ±0.3* 

40.9  ±0.3 

40.1  ±0.5 

39.9  ±0.4 

39.7  ±0.2* 

Values  are  means  ±  SE  in  °C.  EH,  environmental  heating;  l-NAME,  lV“-nitro-L-arginine  methyl  ester;  Te,  colonic  temperature;  Ttym, 
tympanic  temperature;  Tsl,  left  subcutaneous  temperature;  Tsr,  right  subcutaneous  temperature;  Tt,  tail  temperature.  *  Significantly 
different  from  value  in  saline-treated  group  (P  <  0.05). 


ments  (Table  2),  MAP,  or  HR  (Fig.  4)  before  EH. 
l-NAME  was  administered  30  min  after  the  initia¬ 
tion  of  EH;  administration  of  10  and  100  mg/kg  of 
l-NAME  during  EH  resulted  in  immediate  increases 
in  MAP  that  did  not  differ  from  each  other  (Fig.  2). 
The  pressor  response  to  100  mg/kg  of  l-NAME  was 
significantly  higher,  however,  than  that  produced  by 
pretreatment  with  100  mg/kg.  Interestingly,  the 
time  required  for  MAP  to  return  to  the  pre-L-NAME 
value  when  l-NAME  was  given  during  EH  was  sig¬ 
nificantly  less  for  both  doses  (23  ±  3  and  25  ±  2  min 
for  10  and  100  mg/kg,  respectively)  than  the  corre¬ 
sponding  values  when  l-NAME  was  given  before  EH 
(50  ±  4  and  52  ±  5  min,  respectively).  Despite  these 
pressor  responses,  neither  the  Tc  at  which  MAP 


75 


saline  10  mg/kg  100  mg/kg 

L-NAME  L-NAME 

Fig.  3.  EH  exposure  time  required  to  reach  the  arbitrary  end  point 
(i.e.,  MAP  decreased  to  75  mmHg;  top)  and  the  subsequent  survival 
time  (bottom).  L-NAME  was  administered  before  EH  was  begun. 
Values  are  means  ±  SE. 


decreased  to  75  mmHg  nor  the  EH  time  required  to 
reach  this  end  point  (Fig.  5)  differed  from  those  in 
saline-treated  animals.  Furthermore,  the  rate  of  in¬ 
crease  in  Tc  was  not  altered  by  l-NAME  administra¬ 
tion  at  either  dose.  The  survival  time  after  EH, 
however,  significantly  decreased  in  animals  receiv¬ 
ing  either  dose  of  l-NAME;  the  survival  time  did  not 
differ  between  the  l-NAME  doses  (Fig.  5). 

In  the  final  experimental  series,  there  were  no  dif¬ 
ferences  in  temperature  measurements  (data  not 
shown),  MAP,  or  HR  (Fig.  6)  among  treatment  groups, 
either  before  or  after  EH.  Additionally,  the  time  re¬ 
quired  to  induce  heatstroke  was  not  different  among 
the  three  treatment  groups  (Fig.  7).  When  l-NAME 
was  administered  after  EH,  MAP  immediately  in¬ 
creased  to  levels  that  were  not  different  from  those 
attained  by  the  respective  doses  given  before  EH  (Fig. 
2).  The  pressor  response  to  the  100  mg/kg  dose  tended 
to  be  decreased  relative  to  that  attained  when  this  dose 
was  given  during  EH,  although  this  comparison  failed 
to  reach  statistical  significance  (P  <  0.051).  The  dura¬ 
tion  of  the  pressor  response  (7  ±  1  and  8  ±  3  min  for  10 
and  100  mg/kg,  respectively)  significantly  decreased 
relative  to  those  observed  when  l-NAME  was  given 
either  before  or  during  EH.  Although  l-NAME  in¬ 
creased  MAP  in  animals  in  which  heatstroke  was  in¬ 
duced,  the  survival  time  was  not  significantly  altered 
(Fig.  7). 

DISCUSSION 

The  major  finding  of  this  study  is  that  acute  phar¬ 
macological  blockade  of  NO  synthesis  only  transiently 
reverses  the  hypotension  attendant  to  heatstroke  and 
does  not  increase  subsequent  survival  time.  In  fact, 
l-NAME  administration  during  EH  had  detrimental 
effects  on  survival  time,  whereas  pretreatment  with 
l-NAME  decreased  the  Tc  level  that  induced  heat¬ 
stroke  and  tended  to  decrease  survival  time,  although 
not  significantly. 

The  physiological  mechanism(s)  underlying  circula¬ 
tory  shock  induction  by  EH  is  presently  unknown. 
Hypotheses  advanced  to  explain  this  phenomenon  in¬ 
clude  endotoxemia  and/or  cytokine  release,  body  fluid 
and  electrolyte  disturbances,  and  cellular  energy  de- 
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Table  2.  Temperature  measurements  before  EH  and  at  the  end  of  EH  in  rats  treated  with  l-NAME 
30  min  after  the  initiation  of  EH 

Tc  Ttym  Ts,  Tsr  Tt 

Before  EH 


Saline  vehicle 

37.2  ±0.3 

36.7  ±0.2 

35.3  ±0.4 

35.8  ±0.4 

27.5  ±  1.1 

l-NAME  (10  mg/kg) 

37.0  ±0.0 

36.6  ±0.1 

35.3  ±0.3 

35.3  ±0.4 

27.4  ±0.4 

l-NAME  (100  mg/kg) 

37.0  ±  0.1 

37.1  ±0.4 

35.1  ±0.3 

34.6  ±0.5 

27.0  ±0.8 

End  of  EH 

Saline  vehicle 

41.9  ±0.2 

41.6  ±  0.1 

40.6  ±0.3 

40.7  ±0.2 

40.1  ±  0.1 

l-NAME  (10  mg/kg) 

41.8  ±0.2 

41.3  ±0.3 

40.3  ±0.4 

40.6  ±0.5 

40.0  ±0.2 

l-NAME  (TOO  mg/kg) 

42.2  ±0.2 

41.5  ±0.3 

40.4  ±0.2 

40.7  ±0.5 

40.1  ±  0.1 

Values  are  means  ±  SE  in  °C. 


pletion  (17).  What  is  clear,  however,  is  that  the  mes¬ 
enteric  vasodilation  that  precedes  EH-induced  circula¬ 
tory  shock  is  not  due  to  either  decreases  in  sympathetic 
nerve  activity  or  circulating  catecholamines  (15)  or  to  a 
direct  effect  on  the  vascular  contractile  machinery  (24). 
Although  the  sympathetic  nervous  system  remains 
activated  throughout  EH-induced  heatstroke,  the  pos¬ 
sibility  exists  that  vascular  smooth  muscle  may  be 
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Fig.  4.  Thermal  and  cardiovascular  responses  to  EH.  Either  vehicle 
(saline)  or  l-NAME  (10  or  100  mg/kg)  was  administered  30  min  after 
EH  was  begun.  Values  are  means  ±  SE.  Solid  horizontal  lines  in  top 
show  the  range  of  times  at  which  EH  was  discontinued  for  animals 
within  that  group,  with  the  symbol  placed  at  the  group  mean.  Data 
points  are  shown  only  for  times  with  4  or  more  animals  remaining  in 
the  group.  Statistics  were  performed  only  through  the  values  for  42.5 
min  because  of  missing  data  values  thereafter.  *Values  for  both 
l-NAME  groups  significantly  different  from  value  for  saline  group 
(. P  <  0.05). 
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desensitized  to  the  effects  of  the  catecholamine  vaso¬ 
constrictors  at  elevated  temperatures  (24).  Indeed,  se¬ 
vere  hyperthermia  disrupts  adrenoceptor  function  in 
vivo  (24,  29,  50),  but  in  vitro  studies  of  arterial  seg¬ 
ments  subjected  to  hyperthermia  show  either  no  effect 
of  heat  (28,  35)  or  an  increased  (24,  32)  vascular  re¬ 
sponsiveness  to  norepinephrine  and  other  vasocon¬ 
strictor  agents  (including  angiotensin  II).  If  vascular 
reactivity  to  vasoconstrictor  agents  is  indeed  reduced 
with  hyperthermia,  such  a  change  in  vascular  respon¬ 
siveness  could  contribute  to  the  circulatory  collapse 
associated  with  high  Tc. 

Another  possible  contributor  to  the  cardiovascular 
events  associated  with  heatstroke  is  an  increased  pro¬ 
duction  of  NO.  Increased  levels  of  NO  have  been  asso¬ 
ciated  with  a  number  of  models  of  circulatory  shock, 
including  endotoxemia,  hemorrhage,  anaphylaxis,  and 
sepsis  (31,  45,  49).  Hall  et  al.  (19)  suggested  that  NO 
might  contribute  to  the  mesenteric  vasodilation  pro¬ 
duced  by  sustained  EH  in  rats,  as  NO  levels  in  portal 
venous  blood  (but  not  arterial  blood)  increase  as  Tc 
rises  >39°C.  Very  recently,  plasma  nitrite/nitrate  lev¬ 
els  (indicative  of  NO  levels)  have  been  demonstrated  to 
be  markedly  elevated  in  humans  with  heatstroke  (2). 
To  our  knowledge,  the  mechanism  by  which  such  ele¬ 
vations  in  NO  might  occur  during  heatstroke  is  pres¬ 
ently  unknown.  Among  the  physiological  mechanisms 
that  are  known  to  produce  the  release  of  NO  is  shear 
stress,  which  could  certainly  contribute  to  NO  produc¬ 
tion  during  the  hyperdynamic  state  induced  by  heat 
stress  (13).  Additionally,  the  production  of  NO  has 
clearly  been  shown  to  be  necessary  for  thermoregula¬ 
tory  vasodilation  during  EH  in  a  variety  of  species  (12, 
22,  25,  41,  42,  48,  54),  which  might  significantly  con¬ 
tribute  to  elevations  in  NO.  It  is  also  possible  that  NO 
levels  might  be  increased  by  the  endotoxic  response  to 
severe  heat  stress,  because  increases  in  cytokines  are 
known  to  increase  NO  production  (31,  49).  In  this 
regard,  recent  reports  suggest  that  1 )  hyperthermia  (to 
a  Tc  of  41.5°C)  produces  hypoxic  stress  in  the  intestine 
and  increases  in  intestinal  permeability  that  might 
allow  bacterial  translocation  from  the  gut  (18,  27);  and 
2)  elevation  of  Tc  to  41.5°C  (followed  by  passive  cooling) 
induces  intestinal  expression  of  the  inducible  isoform 
of  NO  synthase  (iNOS)  measured  2  and  12  h  after  the 
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Fig.  5.  EH  exposure  time  required  to  reach  the  arbitrary  end  point 
(i.e.,  MAP  decreased  to  75  mmHg;  top )  and  the  subsequent  survival 
time  (bottom).  L-NAME  was  administered  30  min  after  the  start  of 
EH.  Values  are  means  ±  SE.  ^Significantly  different  from  the  value 
for  control  (saline)  group  ( P  <  0.05). 

cessation  of  EH  (20).  It  is  therefore  possible  that  NO 
synthesis  might  be  elevated  by  such  a  series  of  events 
in  clinical  heatstroke  or  in  experimental  EH  scenarios 
in  which  animals  are  allowed  to  survive.  In  experi¬ 
ments  such  as  the  present  one  in  which  animals  are  not 
allowed  to  recover  from  EH,  however,  any  increases  in 
NO  synthesis  produced  by  possible  cytokine  induction 
cannot  be  attributable  to  iNOS  activation,  because  of 
the  short  duration  of  the  experiment  relative  to  the 
time  required  for  iNOS  and  essential  cofactors  to  be 
synthesized  after  induction  (30).  The  possibility  re¬ 
mains  that  NO  synthesis  might  be  increased  if  hyper¬ 
thermia  produces  endotoxemia  in  these  experiments, 
because  rapid  increases  in  NO  synthesis  from  the  con¬ 
stitutive  isoform  of  NO  synthase  have  been  shown  to 
occur  in  endotoxic  shock  (46). 

Whatever  the  mechanism  underlying  the  previous 
observations  of  increased  NO  levels  in  heatstroke  (2, 
19),  pharmacological  blockade  of  NO  synthesis  in  vivo, 
however,  clearly  did  not  alter  the  development  of  hy¬ 
potension  during  sustained  EH  in  the  present  study. 
Preliminary  results  from  a  separate  laboratory  also 
confirm  that  inhibition  of  NO  synthesis  does  not  pre¬ 
vent  the  circulatory  collapse  of  heatstroke  (43). 

In  vitro  investigations  into  the  contributions  of  NO 
to  vasodilation  during  severe  heat  stress  have  also 
yielded  conflicting  results.  For  example,  Ryan  and 
Gisolfi  (35)  demonstrated  that  hyperthermia  of  42°C 
does  not  alter  the  vasodilatory  responsiveness  of  rat 


mesenteric  arteries  precontracted  with  norepinephrine 
to  exogenous  acetylcholine;  because  one  mechanism  by 
which  acetylcholine  acts  to  vasodilate  arteries  is 
through  the  release  of  NO  by  the  endothelium,  this 
result  suggests  that  neither  the  release  of  NO  nor  the 
vascular  sensitivity  to  NO  was  altered  by  elevation  of 
temperature  to  42°C.  Interestingly,  exposure  of  these 
arteries  to  43°C  tended  to  decrease  relaxation  to  ace¬ 
tylcholine,  although  this  effect  did  not  reach  statistical 
significance  (35).  In  contrast,  hyperthermia  (41°C)  de¬ 
creased  sensitivity  to  acetylcholine  in  preconstricted 
(with  phenylephrine)  vascular  ring  segments  from  rat 
mesenteric  arteries,  suggesting  a  decreased  release  of 
NO  (28).  Furthermore,  the  vasodilatory  response  to 
sodium  nitroprusside  was  also  attenuated  by  41°C  in 
this  latter  study,  indicating  that  the  sensitivity  to  NO 
was  depressed  (28).  This  finding  of  reduced  vascular 
responsiveness  to  NO  donors  in  rat  mesenteric  arteries 
at  40°C  has  recently  been  confirmed  (16).  Finally,  the 
vasodilator  sensitivity  of  precontracted  (with  endothe- 
lin-1)  rabbit  femoral  arteries  to  acetylcholine  de¬ 
creased  after  exposure  to  either  41  or  44°C,  suggesting 
that  hyperthermia  may  inhibit  production  of  NO;  at 
the  same  time,  however,  the  sensitivity  of  these  arter¬ 
ies  to  sodium  nitroprusside  increased,  implying  that, 
despite  a  decreased  production  of  NO,  hyperthermia 


Time  (min) 

Fig.  6.  Thermal  and  cardiovascular  responses  to  EH.  Either  vehicle 
(saline)  or  L-NAME  (10  or  100  mg/kg)  was  administered  immediately 
after  EH.  Values  are  means  ±  SE.  Solid  horizontal  lines  in  top  show 
the  range  of  times  at  which  EH  was  discontinued  for  animals  within 
that  group,  with  the  symbol  placed  at  the  group  mean.  Data  points 
are  shown  only  for  times  with  4  or  more  animals  remaining  in  the 
group. 
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Fig.  7.  EH  exposure  time  required  to  reach  the  arbitrary  end  point 
(i.e.,  MAP  decreased  to  75  mmHg)  and  the  subsequent  survival  time. 
l-NAME  was  administered  on  attainment  of  MAP  end  point.  Values 
are  means  ±  SE. 


might  increase  the  sensitivity  of  the  vascular  smooth 
muscle  to  whatever  NO  is  present  (32).  It  should  be 
noted  that  comparison  among  these  studies  is  hindered 
by  the  different  experimental  conditions  (e.g.,  species, 
vascular  beds,  vasoconstrictors,  and  temperatures)  un¬ 
der  which  each  study  was  performed.  In  any  event,  any 
decrease  in  sensitivity  to  NO  cannot  be  attributed  to  an 
altered  function  of  a  membrane  receptor  (as  is  the  case 
with  the  vasoconstrictor  agents  discussed  previously), 
as  NO  does  not  act  as  a  membrane  receptor  (45).  It 
would  be  of  interest  to  determine  whether  heat  stress 
alters  the  ability  of  NO  to  bind  with  guanylate  cyclase 
or  subsequently  alters  the  activation  of  this  enzyme,  as 
previously  suggested  (28). 

In  regard  to  vascular  reactivity  issues,  it  was  inter¬ 
esting  to  note  in  this  study  that  l-NAME  administra¬ 
tion,  either  during  or  after  EH,  did  not  attenuate  the 
resulting  pressor  response.  In  fact,  the  higher  dose 
(100  mg/kg)  of  l-NAME  given  during  EH  actually  ac¬ 
centuated  the  pressor  response.  To  our  knowledge,  this 
is  the  first  in  vivo  study  in  which  vascular  reactivity  to 
NO  synthesis  inhibition  after  EH  has  been  reported. 
This  was  a  somewhat  unexpected  finding,  in  that  our 
laboratory’s  previous  work  in  a  different  hyperther¬ 
mia-based  model  of  circulatory  shock  induction  (local¬ 
ized  skin  heating  by  35-GHz  microwave  heating)  dem¬ 
onstrated  a  dramatically  reduced  pressor  response  to 
l-NAME  administration  (36).  In  that  animal  model, 
localized  skin  heating  by  microwave  exposure  resulted 


in  cardiovascular  events  that  are  similar  to  those  pro¬ 
duced  by  sustained  EH,  but  these  occur  at  much  lower 
Tc  and  higher  localized  skin  temperature  levels  (14). 
Because  pressor  responses  to  NO  synthesis  inhibition 
were  diminished,  we  speculated  that  NO  levels  might 
actually  be  reduced  in  the  microwave-heating  model  of 
circulatory  shock  induction  (36).  In  the  present  study, 
however,  the  amplitude  of  pressor  responses  to 
l-NAME  administration  did  not  decrease  during  or 
after  EH,  suggesting  that  there  was  no  diminution  of 
NO  during  heat  stress.  Interestingly,  the  duration  of 
the  pressor  response  dramatically  decreased  when 
l-NAME  was  administered  during  or  after  EH;  to  our 
knowledge,  data  such  as  these  have  not  been  reported 
previously.  It  is  unclear  why  the  pressor  duration 
might  have  been  reduced,  although  it  is  tempting  to 
speculate  that  this  could  be  a  consequence  of  the  hy- 
peradrenergic  state  that  occurs  during  EH  (15),  as 
there  are  well-known  interactions  between  NO  and  the 
sympathetic  nervous  system  (52).  What  is  clear  is  that 
l-NAME  administration  in  both  animal  models  of  hy¬ 
perthermia  (i.e.,  EH  and  microwave  heating)  did  not 
increase  either  survival  time  or  the  time  required  to 
reach  the  MAP  end  point  (36);  in  fact,  l-NAME  admin¬ 
istration  during  or  before  hyperthermia  actually  de¬ 
creased  survival  time  in  both  heatstroke  (this  study) 
and  microwave-induced  circulatory  shock  (37).  Despite 
the  disparity  in  pressor  responsiveness  to  l-NAME 
among  these  models,  NO  synthesis  inhibition  was  det¬ 
rimental  in  terms  of  survival  benefit  in  both  models. 

Interestingly,  a  few  studies  have  also  reported  det¬ 
rimental  effects  of  NO  synthesis  inhibition  on  survival 
in  endotoxic  and  septic  shock  models  (reviewed  in  Refs. 
5  and  6).  Although  NO  synthesis  inhibition  certainly 
increases  systemic  vascular  resistance,  it  also  de¬ 
creases  cardiac  index  and  oxygen  delivery  in  endotoxic 
dogs  (7,  8).  This  decrease  in  cardiac  index  does  not 
appear  to  be  due  to  a  direct  depression  in  myocardial 
performance,  as  left  ventricular  stroke  work  index  was 
not  affected.  Instead,  it  appears  to  be  due  to  an  in¬ 
creased  afterload,  as  left  ventricular  ejection  fraction 
decreased  after  NO  synthesis  inhibition.  In  these  ca¬ 
nine  endotoxemia  studies,  NO  synthesis  inhibition  was 
associated  with  increased  mortality,  especially  at  high 
doses  (7,  8),  just  as  in  the  present  study  investigating 
heatstroke.  In  this  regard,  NO  synthase  inhibition  also 
produces  a  decrease  in  stroke  volume  and  cardiac  index 
in  healthy  human  subjects  and  in  septic  patients  (3, 
44).  Furthermore,  inhibition  of  NO  synthesis  did  not 
improve  the  hemodynamic  response  to  hemorrhagic 
shock  in  swine;  in  fact,  mortality  was  greater  with 
l-NAME  administration  than  in  controls,  albeit  not 
significantly  (4).  NO  inhibition  has,  therefore,  been 
shown  to  decrease  cardiac  output  and  have  detrimental 
effects  in  a  number  of  species  with  circulatory  shock 
induced  by  different  etiologies.  It  is  therefore  possible 
that  NO  synthesis  inhibition  in  the  present  study  also 
increased  afterload,  resulting  in  a  decrease  in  cardiac 
output.  In  fact,  because  a  compensatory  increase  in 
cardiac  output  is  a  protective  response  to  EH  in  the  rat 
as  in  other  species  (47),  this  hypothesis  becomes  even 
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more  probable;  by  attenuating  required  compensatory 
increases  in  cardiac  output,  NO  synthesis  inhibition 
may  exacerbate  detrimental  effects  observed  in  un¬ 
stressed  animals. 

It  should  be  emphasized  that  our  conclusion  that  NO 
does  not  mediate  the  hypotensive  state  induced  by 
sustained  EH  does  not  imply  that  NO  plays  no  role  in 
hemodynamic  alterations  during  EH.  Clearly,  NO  acts 
as  a  vasodilator  in  specific  vascular  beds  during  the 
early  stages  of  EH.  As  examples,  a  NO-dependent 
mechanism  contributes  to  the  thermoregulatory  vaso¬ 
dilation  observed  in  the  rat  tail  (54)  and  hindlimb  (25), 
rabbit  ear  (12,  48),  and  human  skin  (22,  41,  42).  In 
these  studies,  the  contribution  of  NO  was  investigated 
at  maximum  core  temperatures  well  below  those  suffi¬ 
cient  to  produce  heatstroke;  these  studies,  therefore,  do 
not  provide  information  as  to  whether  NO  contributes 
to  the  hypotension  that  develops  at  higher  tempera¬ 
tures.  Our  study,  although  clearly  demonstrating  that 
high  levels  of  NO  do  not  mediate  the  hypotension 
associated  with  heatstroke,  conversely  provides  no  in¬ 
formation  as  to  the  contribution  of  NO  to  hemodynamic 
alterations  in  specific  locations  during  heat  stress,  as 
regional  blood  flows  were  not  measured.  Although  our 
study  was  not  designed  to  determine  whether  NO  plays 
a  role  in  thermoregulatory  vasodilation,  an  anecdotal 
observation  was  that  NO  synthesis  inhibition  did  not 
significantly  alter  the  rate  of  heating. 

In  this  study,  NO  synthesis  inhibition  was  accom¬ 
plished  using  l-NAME,  which  is  one  of  the  most  com¬ 
monly  used  inhibitors  in  studies  investigating  contri¬ 
butions  of  NO  to  the  development  of  shock  (31,  45,  49). 
Because  l-NAME  was  administered  as  a  pretreatment 
in  one  set  of  experiments,  a  quite  valid  question  is 
whether  NO  synthesis  inhibition  was  maintained 
throughout  the  period  of  EH.  On  administration, 
l-NAME  is  rapidly  hydrolyzed  to  form  A^'-nitro-i.-argi- 
nine,  which  is  thought  to  be  the  actual  inhibitor  (33, 
40).  Although  the  in  vivo  half-life  of  l-NAME  itself  has 
been  calculated  to  be  only  —7.5  min  in  anesthetized 
rabbits,  plasma  levels  of  A^’-nitro-i.-arginine  quickly 
rise  and  remain  elevated  without  diminution  for  at 
least  30  min  (40).  Recently,  Conner  et  al.  (9)  demon¬ 
strated  that  the  vasoactivity  of  l-NAME  (as  measured 
by  vasoconstriction  in  a  number  of  organs)  persists  for 
at  least  3  h  after  a  single  intraperitoneal  bolus  injec¬ 
tion  of  l-NAME  in  conscious  rats.  We  therefore  believe 
that  NO  synthesis  inhibition  was  adequately  main¬ 
tained  throughout  the  period  of  EH. 

Interestingly,  the  application  of  EH  to  the  ketamine- 
anesthetized  rat  model  did  not  produce  the  pressor 
responses  previously  noted  in  conscious,  chloralose- 
anesthetized  (26)  or  urethane-anesthetized  (unpub¬ 
lished  observations)  rats.  Despite  a  lower  baseline  HR 
than  that  in  conscious  rats,  a  pronounced  tachycardia 
was  induced  by  EH,  as  has  been  noted  in  rats  main¬ 
tained  with  other  anesthetic  regimens  (26;  unpub¬ 
lished  observations).  It  should  be  noted  that  adminis¬ 
tration  of  l-NAME  did  not  produce  reflex  bradycardia; 
our  laboratory  has  previously  observed  this  lack  of 


bradycardic  response  to  l-NAME  administration  in 
rats  anesthetized  with  either  pentobarbital  sodium  or 
ketamine  (37).  It  is  therefore  probable  that  the  use  of 
ketamine  as  the  anesthetic  agent  somewhat  altered 
the  hemodynamic  responses  to  EH  and  blunted  the 
reflex  responses  to  the  increase  in  blood  pressure  elic¬ 
ited  by  l-NAME.  It  has  been  reported,  however,  that 
ketamine  preserves  cardiovascular  function  better 
than  other  anesthetics  during  compromised  situations 
such  as  experimental  shock  (39).  Taking  these  caveats 
into  consideration,  we  emphasize  that  our  results  ap¬ 
ply  only  to  the  ketamine-anesthetized  rat  model  and 
should  be  confirmed  in  either  conscious  models  or  those 
using  other  anesthetics. 

In  conclusion,  acute  pharmacological  inhibition  of 
NO  synthesis,  either  before  or  during  EH,  did  not 
protect  the  animal  from  subsequent  heatstroke.  In¬ 
deed,  NO  synthesis  inhibition  at  these  time  points  had 
detrimental  effects  on  survival  time  and  the  tempera¬ 
ture  at  which  heatstroke  was  reached.  l-NAME  admin¬ 
istration  after  the  induction  of  heatstroke  also  failed  to 
ameliorate  the  hypotensive  state  and  was  not  of  sur¬ 
vival  benefit.  Taken  together,  these  results  suggest 
that  the  vasodilator  action  of  NO  does  not  mediate  the 
development  of  the  severe  hypotension  that  accompa¬ 
nies  heatstroke  in  ketamine-anesthetized  rats. 

We  gratefully  acknowledge  the  superb  technical  support  of  Kavita 
Mahajan. 

Research  was  funded  by  US  Air  Force  Contract  F33615-90-D- 
0606. 

Views  presented  are  those  of  the  authors  and  do  not  reflect  the 
official  policy  or  position  of  the  Department  of  the  Air  Force,  Depart¬ 
ment  of  Defense,  or  the  US  Government.  Trade  names  of  materials 
and/or  products  of  commercial  or  nongovernment  organizations  are 
cited  as  needed  for  precision.  These  citations  do  not  constitute  official 
endorsement  or  approval  of  the  use  of  such  commercial  materials 
and/or  products. 

Present  address  of  K.  L.  Ryan:  US  Army  Institute  of  Surgical 
Research,  3400  Rawley  E.  Chambers,  Ft.  Sam  Houston,  TX  78234- 
6315. 

REFERENCES 

1.  Adolph  EF  and  Fulton  WB.  The  effects  of  exposure  to  high 
temperatures  upon  the  circulation  in  man.  Am  J  Physiol  67: 
573-588,  1923. 

2.  Alzeer  AH,  Al-Arifi  A,  Warsy  AS,  Ansari  Z,  Zhang  H,  and 
Vincent  J-L.  Nitric  oxide  production  is  enhanced  in  patients 
with  heat  stroke.  Intensive  Care  Med  25:  58-62,  1999. 

3.  Avontuur  JA,  Tutein  Nolthenius  RP,  Buijk  SL,  Kanhai  KJ, 
and  Bruining  HA.  Effect  of  l-NAME,  an  inhibitor  of  nitric  oxide 
synthesis,  on  cardiopulmonary  function  in  human  septic  shock. 
Chest  113:  1640-1646,  1998. 

4.  Brown  IP,  Williams  RL,  McKirnan  MD,  Limjoco  UR,  and 
Gray  C  J.  Nitric  oxide  synthesis  inhibition  does  not  improve  the 
hemodynamic  response  to  hemorrhagic  shock  in  dehydrated  con¬ 
scious  swine.  Shock  3:  292-298,  1995. 

5.  Cobb  JP.  Use  of  nitric  oxide  synthase  inhibitors  to  treat  septic 
shock:  the  light  has  changed  from  yellow  to  red.  Crit  Care  Med 
27:  855-856,  1999. 

6.  Cobb  JP  and  Danner  RL.  Nitric  oxide  and  septic  shock.  JAMA 
275:  1192-1196,  1996. 

7.  Cobb  JP,  Natanson  C,  Hoffman  WD,  Lodato  RF,  Banks  S, 
Koev  CA,  Solomon  MA,  Elin  RJ,  Hosseini  JM,  and  Danner 

RL.  JV-amino-L-arginine,  an  inhibitor  of  nitric  oxide  synthase, 
raises  vascular  resistance  but  increases  mortality  rates  in  awake 


NITRIC  OXIDE  AND  HEATSTROKE 


969 


canines  challenged  with  endotoxin.  J  Exp  Med  176:  1175-1182, 
1992. 

8.  Cobb  JP,  Natanson  C,  Quezado  ZMN,  Hoffman  WD,  Koev 
CA,  Banks  S,  Correa  R,  Levi  R,  Elin  RJ,  Hosseini  JM,  and 
Danner  RL.  Differential  hemodynamic  effects  of  l-NMMA  in 
endotoxemic  and  normal  dogs.  Am  J  Physiol  Heart  Circ  Physiol 
268:  H1634-H1642,  1995. 

9.  Conner  EM,  Aiko  S,  Fernandez  M,  Battarbee  HD,  Gray  L, 
and  Grisham  MB.  Duration  of  the  hemodynamic  effects  of 
A^-nitro-L-arginine  methyl  ester  in  vivo.  Nitric  Oxide  4:  85-93, 
2000. 

10.  Daily  WM  and  Harrison  TR.  A  study  of  the  mechanism  and 
treatment  of  experimental  heat  pyrexia.  Am  J  Med  Sci  215: 
42-55,  1948. 

11.  Dematte  JE,  O’Mara  K,  Buescher  J,  Whitney  CJ,  Forsythe 
S,  McNamee  T,  Adiga  RB,  and  Ndukwu  IM.  Near-fatal  heat 
stroke  during  the  1995  heat  wave  in  Chicago.  Ann  Intern  Med 
129:  173-181,  1998. 

12.  Farrell  DM  and  Bishop  VS.  Permissive  role  for  nitric  oxide  in 
active  thermoregulatory  vasodilation  in  rabbit  ear.  Am  J  Physiol 
Heart  Circ  Physiol  269:  H1613-H1618,  1995. 

13.  Fleming  I  and  Busse  R.  Signal  transduction  of  eNOS  activa¬ 
tion.  Cardiovasc  Res  43:  532-541,  1999. 

14.  Frei  MR,  Ryan  KL,  Berger  RE,  and  Jauchem  JR.  Sustained 
35-GHz  radiofrequency  irradiation  induces  circulatory  failure. 
Shock  4:  289-293,  1995. 

15.  Gisolfi  CV,  Matthes  RD,  Kregel  KC,  and  Oppliger  R. 

Splanchnic  sympathetic  nerve  activity  and  circulating  cat¬ 
echolamines  in  the  hyperthermic  rat.  J  Appl  Physiol  70:  1821- 
1826,  1991. 

16.  Haddad  W  and  Horowitz  M.  Heat  acclimation  alters  nitric 
oxide  response  in  the  splanchnic  circulation.  J  Therm  Biol  24: 
403-408,  1999. 

17.  Hales  JRS,  Hubbard  RW,  and  Gaffin  SL.  Limitation  of  heat 
tolerance.  In:  Handbook  of  Physiology.  Environmental  Physiol¬ 
ogy.  Bethesda,  MD:  Am.  Physiol.  Soc.,  1996,  sect.  4,  vol.  I,  chapt. 
15,  p.  285-355. 

18.  Hall  DM,  Baumgardner  KR,  Oberley  TD,  and  Gisolfi  CV. 

Splanchnic  tissues  undergo  hypoxic  stress  during  whole  body 
hyperthermia.  Am  J  Physiol  Gastrointest  Liver  Physiol  276: 
G1195-G1203,  1999. 

19.  Hall  DM,  Buettner  GR,  Matthes  RD,  and  Gisolfi  CV.  Hyper¬ 
thermia  stimulates  nitric  oxide  formation:  electron  paramag¬ 
netic  resonance  detection  of  NO-heme  in  blood.  J  Appl  Physiol 
77:  548-553,  1994. 

20.  Hall  DM,  Oberley  TD,  Oberley  LW,  Gisolfi  CV,  and  Kregel 

KC.  Characterization  of  the  cellular  antioxidant  stress  response 
during  whole  body  hyperthermia  (Abstract).  FASEB  J  11:  A121, 
1997. 

21.  Jauchem  JR  and  Frei  MR.  Cardiorespiratory  changes  during 
microwave-induced  lethal  heat  stress  and  (3-adrenergic  block¬ 
ade.  J  Appl  Physiol  77:  434-440,  1994. 

22.  Kellogg  DL  Jr,  Crandall  CG,  Liu  Y,  Charkoudian  N,  and 
Johnson  JM.  Nitric  oxide  and  cutaneous  active  vasodilation 
during  heat  stress  in  humans.  J  Appl  Physiol  85:  824-829,  1998. 

23.  Kielblock  AJ,  Strydom  NB,  Burger  FJ,  Pretorius  PJ,  and 
Manjoo  M.  Cardiovascular  origins  of  heatstroke  pathophysiol¬ 
ogy:  an  anesthetized  rat  model.  Aviat  Space  Environ  Med  53: 
171-178,  1982. 

24.  Kregel  KC  and  Gisolfi  CV.  Circulatory  responses  to  vasocon¬ 
strictor  agents  during  passive  heating  in  the  rat.  J  Appl  Physiol 
68:  1220-1227,  1990. 

25.  Kregel  KC,  Kenney  MJ,  Massett  MP,  Morgan  DA,  and 
Lewis  SJ.  Role  of  nitrosyl  factors  in  the  hemodynamic  adjust¬ 
ments  to  heat  stress  in  the  rat.  Am  J  Physiol  Heart  Circ  Physiol 
273:  H1537-H1543,  1997. 

26.  Kregel  KC,  Wall  PT,  and  Gisolfi  CV.  Peripheral  vascular 
responses  to  hyperthermia  in  the  rat.  J  Appl  Physiol  64:  2582- 
2588,  1988. 

27.  Lambert  GP,  Matthes  RD,  and  Gisolfi  CV.  Effect  of  severe 
heat  stress  on  intestinal  permeability  in  rats  (Abstract).  FASEB 
J  14:  A613,  2000. 


28.  Massett  MP,  Lewis  SJ,  Bates  JN,  and  Kregel  KC.  Effect  of 
heating  on  vascular  reactivity  in  rat  mesenteric  arteries.  J  Appl 
Physiol  85:  701-708,  1998. 

29.  Massett  MP,  Lewis  SJ,  and  Kregel  KC.  Effect  of  heating  on 
the  hemodynamic  responses  to  vasoactive  agents.  Am  J 
Physiol  Regulatory  Integrative  Comp  Physiol  275:  R844- 
R4853,  1998. 

30.  Morris  SM  Jr  and  Billiar  TR.  New  insights  into  the  regulation 
of  inducible  NO  synthesis.  Am  J  Physiol  Endocrinol  Metab  266: 
E829-E839,  1994. 

31.  Murray  PT,  Wylam  ME,  and  Umans  JG.  Nitric  oxide  and 
septic  vascular  dysfunction.  Anesth  Analg  90:  89-101,  2000. 

32.  Padilla  J,  Garcfa-Villalon  AL,  Fernandez  N,  Monge  L, 
Gomez  B,  and  Dieguez  G.  Effects  of  hyperthermia  on  contrac¬ 
tion  and  dilatation  of  rabbit  femoral  arteries.  J  Appl  Physiol  85: 
2205-2212,  1998. 

33.  Pfeiffer  S,  Leopold  E,  Schmidt  K,  Brunner  F,  and  Mayer  B. 

Inhibition  of  nitric  oxide  synthesis  by  A^-nitro-L-arginine 
methyl  ester  (l-NAME):  requirement  for  bioactivation  to  the  free 
acid,  A^-nitro-L-arginine.  Br  J  Pharmacol  118:  1433-1440, 
1996. 

34.  Refinetti  R  and  Carlisle  HJ.  Thermoregulation  during  pento¬ 
barbital  and  ketamine  anesthesia  in  rats.  J  Physiol  (Paris)  83: 
300-303,  1989. 

35.  Ryan  AJ  and  Gisolfi  CV.  Responses  of  rat  mesenteric  arteries 
to  norepinephrine  during  exposure  to  heat  stress  and  acidosis. 
J  Appl  Physiol  78:  38-45,  1995. 

36.  Ryan  KL,  Frei  MR,  Berger  RE,  and  Jauchem  JR.  Does  nitric 
oxide  mediate  circulatory  failure  induced  by  35-GHz  microwave 
heating?  Shock  6:  71-76,  1996. 

37.  Ryan  KL,  Frei  MR,  and  Jauchem  JR.  Circulatory  failure 
induced  by  35  GHz  microwave  heating:  effects  of  chronic  nitric 
oxide  synthesis  inhibition.  Shock  7:  70-76,  1997. 

38.  Ryan  KL,  Lovelace  JD,  Frei  MR,  and  Jauchem  JR.  Admin¬ 
istration  of  a  nitric  oxide  donor  does  not  affect  hypotension 
induced  by  35-GHz  microwave  heating.  Methods  Find  Exp  Clin 
Pharmacol  19:  455-464,  1997. 

39.  Schaefer  CF,  Brackett  DJ,  Tompkins  P,  and  Wilson  MF. 

Anesthetic-induced  changes  in  cardiovascular  and  small  intesti¬ 
nal  responses  to  endotoxin  in  the  rat.  Circ  Shock  12:  125-133, 
1984. 

40.  Schwarzacher  S  and  Raberger  G.  L-A^-nitro-arginine 
methyl  ester  in  the  anesthetized  rabbit:  venous  vasomotion  and 
plasma  levels.  J  Vase  Res  29:  290-292,  1992. 

41.  Shastry  S,  Dietz  NM,  Halliwill  JR,  Reed  AS,  and  Joyner 
MJ.  Effects  of  nitric  oxide  synthase  inhibition  on  cutaneous 
vasodilation  during  body  heating  in  humans.  J  Appl  Physiol  84: 
830-834,  1998. 

42.  Shastry  S,  Minson  CT,  Wilson  SA,  Dietz  NM,  and  Joyner 

MJ.  Effects  of  atropine  and  l-NAME  on  cutaneous  blood  flow 
during  body  heating  in  humans.  J  Appl  Physiol  88:  467-472, 
2000. 

43.  Sils  TV,  Szlyk-Modrow  PC,  Tartarini  KA,  and  Francesconi 

RP.  Effects  of  nitric  oxide  synthase  inhibition  on  regional  blood 
flow  of  the  rat  during  hyperthermia  (Abstract).  FASEB  J  10: 
A331,  1996. 

44.  Spieker  LE,  Corti  R,  Binggeli  C,  Luscher  TF,  and  Noll  G. 

Baroreceptor  dysfunction  induced  by  nitric  oxide  synthase  inhi¬ 
bition  in  humans.  J  Am  Coll  Cardiol  36:  213-218,  2000. 

45.  Szabo  C  and  Billiar  TR.  Novel  roles  of  nitric  oxide  in  hemor¬ 
rhagic  shock.  Shock  12:  1-9,  1999. 

46.  Szabo  C,  Mitchell  JA,  Thiemermann  C,  and  Vane  JR.  Nitric 
oxide-mediated  hyporeactivity  to  noradrenaline  precedes  the 
induction  of  nitric  oxide  synthase  in  endotoxin  shock.  Br  J 
Pharmacol  108:  786-792,  1993. 

47.  Takamata  A,  Nose  H,  Mack  GW,  and  Morimoto  T.  Control  of 
total  peripheral  resistance  during  hyperthermia  in  rats.  J  Appl 
Physiol  69:  1087-1092,  1990. 

48.  Taylor  WF  and  Bishop  VS.  A  role  for  nitric  oxide  in  active 
thermoregulatory  vasodilation.  Am  J  Physiol  Heart  Circ  Physiol 
264:  H1355-H1359,  1993. 


970 


NITRIC  OXIDE  AND  HEATSTROKE 


49.  Titheradge  MA.  Nitric  oxide  in  septic  shock.  Biochim  Biophys 
Acta  1411:  437-455,  1999. 

50.  Wright  G,  Knecht  E,  and  Toraason  M.  Cardiovascular  effects 
of  whole  body  heating  in  spontaneously  hypertensive  rats. 
JAppl  Physiol  45:  521-527,  1978. 

51.  Yaqub  B  and  A1  Deeb  S.  Heat  strokes:  aetiopathogenesis, 
neurological  characteristics,  treatment  and  outcome.  J  Neurol 
Sci  156:  144-151,  1998. 


52.  Zanziger  J.  Role  of  nitric  oxide  in  the  neural  control  of  cardio¬ 
vascular  function.  Cardiovasc  Res  43:  639-649,  1999. 

53.  Zar  JH.  Biostatistical  Analysis  (4th  ed.).  Upper  Saddle  River, 
NJ:  Prentice-Hall,  1999. 

54.  Zhang  Y,  Richardson  D,  and  McCray  A.  Role  of  nitric  oxide  in 
the  response  of  capillary  blood  flow  in  the  rat  tail  to  body 
heating.  Microvasc  Res  47:  177-187,  1994. 


